The aim of this study is to evaluate feasibility and accuracy of dental implant placement utilizing a dedicated bone-supported surgical template. Thirty-eight implants (sixteen in maxilla, twentytwo in mandible) were placed in seven fully edentulous jaws (three maxillae, four mandibles) guided by the designed bone-supported surgical template. A voxel-based registration technique was applied to match pre-and post-operative CBCT scans. T he mean angular deviation and mean linear deviation at the implant hex and apex were 6.4 ± 3.7°(0.7°− 14.8°), 1.47 ± 0.64 mm (0.5 − 2.56 mm) and 1.70 ± 1.01 mm (0.71 − 4.39 mm), respectively. The presented bonesupported surgical template showed acceptable accuracy for clinical use. In return for reduced accuracy, clinicians gain accessibility when using this type of surgical template for both the maxilla and the mandible. This is particularly important in patients with reduced mouth opening.
INTRODUCTION
In the early 1990s, computer-assisted surgical planning concepts were developed for dental implant placement [1] . Initially, this was done using a preoperative multidetector computerized tomography (MDCT) scan of the patient. The procedure then evolved into using virtual planning of implant placement via three-dimensional surface rendering to obtain the desired location by adjusting the length and angulation of the implants, while achieving an optimal functional and esthetic outcome. Eventually, a surgical template was fabricated using rapid prototyping to transfer the surgical simulation to the patient. Overall, three separate types of surgical templates can be distinguished:
1.
A teeth-supported template in partial edentulism.
2.
A bone-supported template in full edentulism.
3.
A mucosa-supported template in full edentulism for minimal invasive surgery. In general, previous studies have shown quite accurate results using surgical templates for dental implant placement [2] [3] [4] [5] [6] . When using a surgical template, each drill guide typically requires a minimum of approximately 35 mm of open space to allow the surgeon to smoothly place the drill into the guidance hole. This measure is based on the following reasoning: 20-mm drill length plus 10 mm for the distance between the top of the implant and the top of the guided metal sleeve, plus 5-mm thickness of the drill piece head. In subjects with a limited mouth opening, such template-based surgery remains very difficult. In an attempt to overcome this clinical downside, this study presents the development and accuracy assessment of a bonesupported surgical template with a dedicated lateral window.
MATERIALS AND METHODS

Subjects
This study was conducted according to the World Medical Association Declaration of Helsinki on medical research protocols. All patients agreed and signed informed consent forms before participating. Between October 2008 and December 2009, six patients (two females, four males) with either a fully edentulous maxilla and/or mandible were enrolled in this study. They all had sufficient bone volume for primary implant surgery. No preoperative bone augmentation was required. The mean age of the patients was 61.7 ± 10.5 years old (47-79 years). All subjects were treated by one oral and maxillofacial surgeon in the Department of Oral and Maxillofacial Surgery, Ziekenhuis Oost-Limburg, Campus St. Jan, Genk, Belgium.
Methods
Preoperative CBCT Scanning
All patients underwent cone beam computed tomography (CBCT) scanning (Galileos, Sirona Dental Systems GmbH, Bensheim, Germany) without dentures in place. Scanning parameters were as follows: 85 KV, 42 mAs, and VO1 high contrast mode. Each slice comprised 512 × 512 pixels, with a voxel size of 0.3 × 0.3 × 0.3 mm. The output data were exported in DICOM format.
Planning Procedure
A customized dental implant planning platform was programmed in MevisLab (MeVis Medical Solutions AG, Bremen, Germany). The DICOM data of the preoperative CBCT scan were imported into this software. An experienced surgeon individually selected the proper threshold value to segment the maxilla and/or mandible in a threedimensional (3D) view. For each treated jaw, four to six implants were virtually placed in the optimized location ( Figure 1 ). Both the diameter and the length were adjusted for each implant. Three anchor pins were planned to stabilize the surgical template during the operation. The implants and the segmented jaws were exported in the STL format for further processing.
Design and Fabrication of the Surgical Template
The exported implants and the segmented jaws were imported to the CAD tool, VisCAM Mesh 5.0 (Marcam Engineering GmbH, Bremen, Germany). A bonesupported surgical template was designed with a lateral opening at the buccal side of each guidance hole ( Figure 2 ). The lateral opening allowed the drill to be easily placed into the guidance hole. The segmented jaw and the designed surgical template were printed via an Alaris 3D printer (Objet Ltd, Rehovot Israel). The layer thickness of this printed model was 0.03 mm.
Figure 1.
Implants (red parallel tubes) are virtually placed in the mandible. The mandibular nerve is indicated by the pink curves. Diameter and length for each implant are adjustable to achieve optimized function.
Surgical Procedure
All patients were treated under local anesthesia. A muco-periosteal flap was designed and raised to expose the prospective implant sites and the bony base of the surgical template. Once the surgical template was positioned, a drill with a diameter of 1.5 mm was used to position the anchor pins, fixing the surgical template to the exposed bony surface. The surgeon defined the implant's entry point by estimating the center of the halfopening guidance hole. The surgeon also visually controlled the drilling direction, which was parallel to the direction of the guidance hole ( Figure 3 ). The drilling was performed using sequential drills with increasing diameters, as provided by the Brånemark System ® protocol (Nobel Biocare, Kloten, Switzerland). Using the indications on the drill, the surgeon was able to control the drilling depth as well. After drilling, the surgical template was removed and the implants were placed (Figure 4 ). Implant stability was checked and cover screws were placed. The wound site was rinsed and the muco-periosteal flap was repositioned and closed over the cover screw.
Postoperative CBCT Scan
To confirm an acceptable position needing no correction, the patients received a postoperative CBCT scan (Galileos, Sirona Dental Systems GmbH, Bensheim, Germany) immediately after surgery. The scanning parameters were as follows: 85 KV, 42 mAs, and VO1 high contrast mode. Voxel-based registration using maximization of mutual information [7] was performed to register the postoperative 782
Accuracy of a Dedicated Bone-Supported Surgical Template for Dental Implant Placement with Direct Visual Control CBCT data to the preoperative CBCT data. The registered postoperative CBCT data were imported into the customized implant planning platform in DICOM format. The preoperative surgical planning was loaded to evaluate the accuracy of the dental implant placement ( Figure 5 ).
Accuracy Analysis
The detailed measurement was performed using the following protocol:
To account for metal artifacts from the placed implants on the postoperative twodimensional cross section image, the hex center and the apex center of the implant were indicated and additionally controlled on the axial, sagittal, and coronal images. Afterwards, the axis of the implant was created ( Figure 6 ). The linear and angular deviations at the implant hex and apex were measured within the customized implantplanning platform (Figure 7) .
To avoid intraobserver bias, measurements were performed as a consensus process by a medical technician and an experienced surgeon, both of whom did not perform the surgical procedure.
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The placed implants are matched to their preoperative surgical planning to evaluate the achieved accuracy.
RESULTS
Feasibility of Using the Present Bone-Supported Surgical Template
A total of 38 implants (Branemark System ® MkIII Groovy RP, length: 13 mm, diameter: 3.75 mm or 4 mm, Nobel Biocare, Kloten, Switzerland) were placed in seven fully edentulous jaws (maxilla: 3, mandible: 4). Sixteen implants were placed in maxillae and 22 implants were placed in mandibles. All surgeries were without incident. With the lateral opening, the surgeon felt comfortable in positioning the drill into the guidance hole.
Accuracy of the Dental Implant Placement Utilizing the Present Bone-Supported Surgical Template
Compared to the planned implant positions, the mean angular deviation of all placed implants was 6. 
DISCUSSION
For full edentulous patients, previous studies have presented fairly accurate results to place dental implants using a mucosa-supported template [8] [9] [10] [11] . For patients with a limited mouth opening, traditional template-based surgery remains difficult to place the drill into the guidance hole. In order to overcome this clinical downside, a lateral window at the buccal side of each guidance hole is designed to allow the surgeon to place the drill into the guidance hole more easily. However, because of the lateral window, the dental implant placement can no longer be fully guided. A muco-periosteal flap is necessary to increase the surgeons' visibility and allow direct vision control during implant Between the planned and placed implant position, the angular deviation and linear deviation at the implant hex (at the level of the implant neck) and apex are evaluated separately.
placement. In our study, we present the development and accuracy assessment of a bonesupported surgical template with a dedicated lateral window. Compared to studies using a mucosa-supported guide [10, 11] , the accuracy of dental implant placement using the presented surgical template is less, but still clinically acceptable. Clinicians should also be aware that, due to the flap surgery, the patient's healing period could be prolonged. Previous in vivo studies have reported the accuracy of dental implant placement utilizing a regular bone-supported surgical template. In most of the studies, no differentiation between the maxilla and mandible were made. The mean linear and angular deviations in our study are slightly larger compared to those in the literature of closed drill guides (0.71 − 1.3 mm mean linear deviation at the implant hex, 0.77 − 1.6 mm mean linear deviation at the implant apex, 2.39°−5.1°mean angular deviation) [5, [12] [13] [14] [15] [16] . In our study, the maximum angular deviation and maximum linear deviation at the implant hex and apex were 14.8°, 2.56 mm and 4.39 mm, respectively. These results are larger than those from Arison et. al. (6.9°, 2.1 mm, 2.6 mm) [13] . However, the maximum deviation observed in our study is similar to that of Cassetta et al. (14. 34°, 3 mm, 3.98 mm) [12] and Pettersson et al. (11.74°, 2.68 mm, 3.62 mm) [17] .
A previous study [18] reported that the accuracy of voxel-based registration was half of the voxel size of the scan when utilizing an i-CAT CBCT scanner (Imaging Sciences International, Hatfield, Pennsylvania, USA). In our study, the Galileos CBCT scanner (Sirona Dental Systems GmbH, Bensheim, Germany) was used. Liang and colleagues [19] have shown that there is no significant difference in noise level between the image quality of the Galileos and the i-CAT CBCT scanner. Furthermore, it has been proven that noise has no significant influence on the voxel-based registration criterion [7] . Thus, the accuracy of the voxel-based registration method used in the present study was estimated to be around 0.15 mm.
During our study, there were several factors that influenced the accuracy of the dental implant placement. First, the entry point and the drilling direction were not as precisely controlled by the template; they could have been accidentally or purposely manipulated by the surgeon. This human error contributes to the deviation between the placed and planned dental implants. To eliminate this error, repeatedly practicing our designed bone-supported template on models is recommended before actual use.
Second, geometric distortion occurred during fabrication of the surgical template. To ensure a smooth, accurate, and highly detailed representation of the designed CAD model of the surgical template, the layer thickness of this printed surgical template was 0.03 mm. From this point of view, the error caused by the geometric distortion during fabrication of surgical template can be ignored.
The third and most effective factor is the data segmentation. In our study, the CAD design of the bone-supported template is based on the segmented maxilla or mandible. Correct segmentation of the maxilla or mandible is essential for positioning the surgical template accurately during the operation. Stumpel [20, 21] reported that an incorrect selection of the threshold value for the segmentation of the scan denture was found to be a factor in the deformation of SLA-produced surgical templates. In our study, a CBCT scanner is used instead of an MDCT scanner, which was utilized in previous studies [12] [13] [14] [15] [16] 22] . In our study, the imaging technology of the Galileos CBCT is based on an image intensifier. A previous study [23] has proved that the accuracy of a 3Dsurface reconstruction from a Galileos scanner is equivalent to other CBCT scanners using a flat panel detector, but somewhat lower compared to MDCT. Compared to the MDCT scans, the image quality of the CBCT scans have a higher noise level and poorer contrast [19, 24, 25] . These factors cause difficulty in segmenting the maxilla or mandible when utilizing the CBCT data. If particularly high accuracy is needed, MDCT could be considered for the preoperative scan, providing a better image quality. There is question as to whether the higher dose of MDCT is justified.
In the presented pilot study, a limited number of jaws were involved. A larger scale of patients should be included in the future study to evaluate the performance of the presented design. The same concept should be validated on a teeth-supported surgical template to evaluate the accuracy of dental implant placement.
CONCLUSIONS
The presented bone-supported surgical template with a dedicated lateral window showed acceptable accuracy for clinical use. In return for an increased accessibility, clinicians should expect a reduced level of accuracy when using this type of surgical template in both the maxilla and mandible. This is particularly important in patients with a reduced mouth opening.
